Introduction
Timing of reproduction is often under strong natural selection in wild populations and generally assumed to possess additive genetic variance in birds (see e.g. van der Jeugd & McCleery, 2002; Sheldon et al., 2003; Nussey et al., 2005) . Long-term studies in wild populations show that well-timed breeding, that is, timing reproduction to appropriately coincide with the peak in food abundance for their offspring, has major fitness consequences, in terms of both greater offspring survival and possibly increased parental survival (e.g. Thomas et al., 2001; Grieco et al., 2002; Sheldon et al., 2003; Visser, 2005; Charmantier et al., 2008) .
Consequently, the birds' breeding phenotype has been shaped for their ability to rear their offspring at the time of peak food abundance. To understand the evolution of the timing of breeding in natural populations, it is crucial to determine and characterize the extent to which phenotypic differences between individuals have a genetic basis (Hoekstra & Coyne, 2007; Ellegren & Sheldon, 2008) . A number of different approaches can be used to estimate the relationship between the phenotype and the genotype. Two different commonly used approaches are as follows: (i) quantitative genetic analyses of individuals of known relatedness. This enables additive genetic variance in phenotypic traits to be measured, and hence heritability, without prior knowledge of the molecular genetic mechanisms underpinning traits (e.g. Kruuk et al., 2008; Wilson et al., 2010) . (ii) In contrast, candidate gene analyses (e.g. Tabor et al., 2002; Fitzpatrick et al., 2005; Piertney & Webster, 2010) 
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Two commonly used techniques for estimating the effect of genes on traits in wild populations are the candidate gene approach and quantitative genetic analyses. However, whether these two approaches measure the same underlying processes remains unresolved. Here, we use these two methods to test whether they are alternative or complementary approaches to understanding genetic variation in the timing of reproduction -a key trait involved in adaptation to climate change -in wild tit populations. Our analyses of the candidate gene Clock show weak correlates with timing variables in blue tits, but no association in great tits, confirming earlier results. Quantitative genetic analyses revealed very low levels of both direct (female) and indirect (male) additive genetic variation in timing traits for both species, in contrast to previous studies on these traits, and much lower than generally assumed. Hence, neither method suggests strong genetic effects on the timing of breeding in birds, and further work should seek to assess the generality of these conclusions. We discuss how differences in the genetic control of traits, species life-history and confounding environmental variables may determine how useful integrating these two techniques is to understand the phenotypic variation in wild populations. association between genetic polymorphism at a targeted candidate locus (conserved across species) and phenotypic variation among individuals.
Previous research on the quantitative genetics of the timing of breeding has revealed that timing traits and cues used to adjust timing often show considerable heritability in several bird species (e.g. Merilä & Sheldon, 2000; van der Jeugd & McCleery, 2002; Sheldon et al., 2003; McCleery et al., 2004; Charmantier et al., 2006; Visser et al., 2011) . Comparing across populations, a candidate gene approach has shown that in the variable poly-Q locus of the Clock gene, there is a latitudinal cline (Johnsen et al., 2007) with longer repeats found at higher latitudes. Birds such as blue tits show considerable variation in timing of breeding associated with latitudinal variation, and given the findings of Tauber & Kyriacou (2005) and Johnsen et al. (2007) , it is highly plausible that variation at the Clock gene underlies at least part of this variation. A within-population association of longer mean repeat lengths at the variable Clock candidate locus with later breeding in female (but not male) blue tits (Liedvogel et al., 2009 ) supports the hypothesized explanation that the latitudinal cline may be caused by adaptation to variation in photoperiodic parameters between populations (Johnsen et al., 2007) . Therefore, there is evidence, from both quantitative genetic and candidate gene analyses, that there is genetic variation in the timing reproduction within and across populations. Candidate gene and quantitative genetic approaches have traditionally been used separately, but the extent to which these two approaches complement each other (measure different sources of genetic variation) or overlap, and whether they measure the same processes in wild populations remains unknown. However, there is potentially a lot to be gained from integrating these two techniques. First, when assessing the effect of a candidate gene on a phenotypic trait, it may allow background genetic variation to be partitioned out. This can reduce the likelihood of finding spurious correlations between candidate genes and traits (Slate et al., 2010) . Second, the extent to which estimates of additive genetic variation are changed by including candidate genes in quantitative genetic analyses can help resolve whether heritability in traits arises due to many genes having small effects or few genes with large effects on the focal phenotype (Johnston et al., 2011) . However, it is currently unknown whether genetic variation in the timing of reproduction estimated using candidate gene measures the same genetic variation as that estimated in quantitative genetic analyses.
Here, we combine data on a candidate gene for reproductive timing (circadian clock gene Clock), with quantitative genetic analyses to quantify the independent contributions of Clock genotype, female direct and male indirect additive genetic effects on the timing of breeding in wild populations of blue tits Cyanistes caeruleus and great tits Parus major.
The timing parameters we analyse are lay date (LD), incubation duration (ID) and observed hatch date (OH). This covers the onset of reproduction (LD), the speed of reproduction (ID) and their combined outcome in terms of when chicks hatch in the nest (OH). We distinguish between these different parameters because they cover important aspects of reproductive scheduling and potentially allow birds to fine-tune their timing of breeding to the timing of food availability via different mechanisms. First, ID represents the interval between laying and hatching -this is often accelerated within populations when ambient temperatures are higher in order to maintain synchrony between birds and their food supply (e.g. Cresswell & McCleery, 2003) . Further, although laying date has long been the focus of studies of timing of reproduction in birds, it could be argued that laying date is only important to the extent to which it leads to the synchronization of peak food demand of nestlings with peak food supply; hatching date is a better measure of this critical date. Unfortunately, data on hatching date and ID have not always been systematically collected in field studies. We are only aware of one recent study reporting low and nonsignificant additive genetic variance and heritability estimates (h 2 = 0.04 ± 0.02, V a = 0.073 ± 0.036) for ID (as a female trait) in a wild population of collared flycatchers Ficedula albicollis (Husby et al., 2012) . Therefore, LD is important because it determines the general timing of birds, ID is important because it is responsible for the fine-tuning of timing and hatch date is important as it is the actual match between chick demand and food supply. We prefer to report analyses of all three traits while acknowledging their interdependence: all are relevant in understanding the seasonality of timing in birds.
We first fitted models to test for the effect of the candidate gene Clock on variation in timing variables. Second, we quantify additive genetic variance in timing traits using a quantitative genetic model (animal model). Quantitative genetic analyses have often treated the timing of reproduction as a female-limited trait. However, it has recently been suggested that males may indirectly influence female laying dates (e.g. improving her pre-reproductive condition by food provisioning), and thus, a more realistic way to model the timing of reproduction is to estimate both a direct female additive genetic effect and an indirect genetic effect of the pair male (Brommer & Rattiste, 2008) . We therefore use animal models to estimate female direct and male indirect genetic effects on the timing of reproduction. Finally, we combined both approaches in an integrated model to test whether the two methods estimate similar effects. Models including both candidate gene and additive genetic effects allowed us to quantify the extent to which variation in the number of poly-Q clock repeats explains estimates of quantitative genetic variation in the timing of reproduction.
Methods

Blue tit data
All data were collected as a part of an ongoing long-term study (data collected between 2001 and 2008 included here in the full blue tit data set) on the breeding ecology of blue tits in Wytham Woods, UK, as previously described (Liedvogel et al., 2009) . In short, the breeding population was monitored from nest-building until fledging of young. Parents and offspring were caught, identified and individually marked. Standard biometric measurements and blood samples were collected under licence. Only birds with exact information for all of the following phenotypic traits were included in our analyses: lay date (LD, that is, day when the female lays the first egg, only first clutches are included), OH and clutch size (CS). These data allow precise calculation of ID, defined as OH-(LD+CS) for each breeding event.
In total, our full data set comprises 3090 individual blue tits and a total of 4024 breeding events between 2001 and 2008. This includes 2361 birds with a single breeding attempt, 562 birds breeding twice, 136 birds with three, 24 birds with four and seven birds with five breeding attempts, respectively ( Birds were genotyped at the Clock locus by extracting genomic DNA, and the length Clock polymorphism was measured for all breeders in 2006 and 2007 as previously described (Liedvogel et al., 2009) . In summary, the variable glutamine-rich locus of the Clock gene was characterized by PCR amplification using a previously described primer set (Johnsen et al., 2007) . The Clock genotype (i.e. number of glutamine repeats) was determined using an ABI PRISM genetic analyzer 3100, and allele sizes were resolved by GeneMapper 3.7 (for details, see Johnsen et al., 2007; Liedvogel et al., 2009) .
A social pedigree was constructed based on identifying parents from unique ring numbers when feeding young (both sexes) or in the late stages of incubation (females only). Nestlings were ringed before fledging enabling connection of parents with offspring. The entire blue tit pedigree contained 23 023 individuals, of which all were informative for quantitative genetic analyses of the full phenotypic data set. This represented 19 713 maternities, 19 664 paternities, 96 287 full-siblings and 169 110 halfsibling relationships. From the whole pedigree, 904 individuals were informative for the genetic relationships between individuals in the clock data set that included 164 maternities, 159 paternities and 43 full-siblings and 74 half-siblings ( Figure S1 ). Pedigree statistics and supplementary figures were produced using pedantics R package .
Great tit data
Great tits have been studied in Wytham woods since 1947, which encompasses the blue tit study period (Perrins, 1965; McCleery et al., 2004; Charmantier et al., 2008) . Phenotypic data collection, DNA extraction and Clock genotyping procedures were carried out in the same way as for blue tits (for details, also see Liedvogel & Sheldon, 2010) . Our full data set for great tits comprises 12 724 individuals and a total of 19 395 breeding events between 1947 and 2008. The number of monitored breeding events per individual ranged from one to eight (one bird), with an average of 1.5 breeding attempts per individual. The data set of great tits with known Clock genotypes comprised 572 individuals with a total of 1028 breeding events.
The complete great tit pedigree contained 156 305 individuals, of which all were informative for the analysis of the full data set and included 73 838 maternities, 73 846 paternities, 314 558 full-siblings and 707 538 half-sibling relationships. From the whole pedigree, 1548 were informative for genetic relationships between individuals in the clock data set. This included 694 maternities, 661 paternities, 154 full-siblings and 325 half-siblings ( Figure S2 ).
Blue tit statistical analyses
For each timing variable (lay date, incubation duration and observed hatch), we ran a series of three analyses: Table 1 Differences in pedigree structure of blue tit and great tit full data set and data subsets restricted to individuals with known Clock genotype (clock data set). Data for maternal and paternal sibship sizes are presented as mean (±SE). first, we analysed the variation in timing variables explained by the candidate gene Clock (PQ) using a linear mixed effects model (LMM) with restricted maximumlikelihood estimation (REML) entering the number of poly-Q repeats as a fixed effect (covariate). In addition, we fitted fixed effects to control for age (2-level factor: 1st year, >1 year old) and sex (2-level factor). Wytham woods is a heterogeneous woodland, divided into nine sectors showing different habitat characteristics (Minot & Perrins, 1986) . The study site also encompasses >100 m variation in altitude, which is sufficient to cause variation in the phenology of plants and insects owing to differences in mean temperature. Altitude has consistently been shown to be correlated with variation in the timing of breeding between individuals within years (e.g. Wilkin et al., 2006) . We controlled for this topographical variation by entering the altitude of each breeding attempt as a fixed effect (covariate), which was calculated using available data originally extracted from an inverse distance weighting (IDW) interpolation of a 50-m resolution Land Form Digital-Terrain-Model (DTM) data set provided by Ordnance Survey (from Wilkin et al., 2006) . We also entered breeding density as a fixed effect (covariate), which was calculated per sector per year as this is known the effect reproductive timing (see Wilkin et al., 2006) . We also included year, nest box, female identity and male identity as random effects, to account for yearly variation, repeated breeding attempts in the same nest box and repeated breeding attempts by individual females and males (permanent environment effects: pe), respectively (model 1). Second, we used an 'animal model' with REML that uses the pedigree to specify a relationship (co)variance matrix between individuals that enables additive genetic variation in traits to be quantified (Lynch & Walsh, 1998) . This allowed total variation in timing traits (V P = sum of variance components) to be partitioned into a direct female genetic effect (V (af) ), a male indirect genetic effect (V (am) ), different components of environmental variation (random effects: year, nest box, female pe, male pe) and residual variation (V e ) while estimating the same fixed effects (age, sex, breeding density, altitude) as in the analysis of Clock gene effects (PQ). Therefore, we used exactly the same model as in the first analyses, but removed the fixed effect of PQ and fitted random effects to estimate female direct and male indirect genetic effects (model 2). Variance components were constrained to be positive, and therefore, the heritability of female direct genetic effects and male indirect genetic effects was calculated as h 2 f = V (af) ⁄ V P and h 2 m = V (am) ⁄ V P , respectively. Standard errors of heritability estimates were calculated using the 'delta' method as suggested by Venables & Ripley (2000) , S programming p 170 using R code written by Ian White. Finally, we integrated the approaches used in the first and second analyses to quantify the independent contributions of Clock genotype (PQ), V (af) and V (am) to variation in the timing of reproduction variables. This was carried out by entering PQ as a fixed effect to the model used for assessing V (af) and V (am) (model 3). If genetic variation measured by PQ overlaps with V (af) and V (am) , then the parameter estimates of PQ in model 3 will be different from model 1 and the estimates of V (af) and V (am) in model 2 and 3 will be different. However, model 3 was only performed if estimates of direct and indirect genetic effects in model 2 and the parameter estimate of PQ on timing traits in model 1 were > 0. In other words, if there was a lack of additive genetic variation or the Clock gene did not explain any variation in any of the timing traits, then model 3 was not conducted.
We modelled the timing of reproduction as:
where pe f and pe m are female and male permanent environment effects and a f and a m are direct female and indirect male genetic effects, respectively, and e is residual variation. PQ was first treated as a fixed effect because we were interested in testing the directional effects of number of poly-Q repeats on the mean timing of reproduction. However, we also calculated the % of V P explained by PQ, and V (af) and V (am) by entering PQ as a random effect (7 levels), which gave qualitatively and quantitatively similar results (Tables S27-32 ).
Great tit statistical analyses
We conducted exactly the same analyses on great tits as we did for blue tits. However, there were two differences due to the way data were collected: First, age was treated as a continuous variable rather than categorical (juvenile vs adult) as the great tit population has been monitored since 1947 as opposed to 2001 for blue tits. Therefore, it was possible to enter the exact age of individuals into models. Second, of the 606 great tits genotyped, only 34 were males and therefore analyses on the clock data set were restricted to only females.
Analyses to assess the ability to detect heritability using the clock data sets
We performed two sets of analyses to assess whether it was possible to detect additive genetic variance using the clock data set and associated pedigree. First, we analysed data on the timing variables using the full data set expanding our sample size for blue tits from 482 females and 369 males to 1687 females and 1398 males, and our great tit sample size from 572 females to 6540 females and 5366 males (full great tit data set). This allowed us to compare the levels of additive genetic variance estimated with the clock data set to much larger data sets that have sample sizes that exceed previously published studies with significant estimates of heritability (see Table 1 for differences in pedigree structure of the full and restricted data sets).
Second, we took a trait, fledging mass, that we knew had high additive genetic variance and heritability and examined how estimates of genetic variation changed when we used our full data set and the clock data set (Garant et al., 2004; Tables S14 & S26) . In order to replicate the same data structure for fledging mass as for timing traits, we randomly selected the fledging mass of a single chick so that there was only one phenotypic value per set of parent (See Table S28 for details). We then calculated additive genetic variance and heritability in fledging mass using the full data set and the data set that only included birds that had been Clock genotyped. If the clock data set and associated pedigree were not sufficient to recover estimates of additive genetic variance and heritability, then we expected that (i) analyses of timing traits using the full data set would yield higher estimates of additive genetic variance and heritability than the clock data set and (ii) significant estimates of additive genetic variance and heritability in fledging mass gained using the full data set would disappear when analysing the clock data set.
In all analyses, covariates were Z-transformed prior to analyses. The significance of fixed effects was examined using conditional Wald F statistics (Gilmour et al., 2009) . Nonsignificant interactions were sequentially removed from models starting with the term with the highest P value until only main effects and significant interactions remained. The significance of random effects was assessed using log-likelihood ratio tests (LRTs) (Self & Liang, 1987) . Parameter estimates are presented with standard errors (SE) unless stated otherwise. All analyses were conducted in ASReml-R version 3 (Gilmour et al., 2009) .
Results
Blue tit candidate gene analyses
Candidate gene analyses confirm the general pattern found in our earlier study (Liedvogel et al., 2009) . After controlling for the effects of breeding density and altitude (Table S1 -S9, i.e. birds generally breed earlier at lower altitudes and in areas of high density), ID was significantly correlated with fewer poly-Q repeats at the variable Clock locus (0.08 ± 0.04, F 1,860 = 4.16, P = 0.04; Table 2 & S4). In line with previous results, blue tits that laid and hatched chicks earlier had shorter Clock alleles, but these results were nonsignificant (LD: F 1,889 = 0.52, P = 0.47; OH: F 1,885 = 0.10, P = 0.75. Tables 2, S1, S7). There was no evidence for a sex by genotype interaction in any of the timing traits (all results with P > 0.41; Tables S1, S4, S7). There were highly significant annual variation and large differences between breeding nest boxes in all timing traits (P < 0.0001 for year and nest Table 2 Estimating the relative contributions of the Clock gene (quantified as number of poly-Q repeats, PQ), female direct genetic effects (V af ) and male indirect genetic effects (V am ) to variation in the timing of reproduction in blue tits. Applying genetic approaches to reproductive timing 817
box in all traits; Tables S1, S4, S7). However, permanent environment effects due to females were small and nonsignificant and undetectable in males (Tables S1,  S4, S7) .
Quantitative genetic analyses
The magnitude of quantitative genetic parameters and their associated heritabilities in blue tits was extremely small for all timing traits and much lower than expected. This was true for analyses of both the full data set and the restricted clock data set. Estimates of female direct genetic effects calculated using the clock data set were very low with heritabilities of 0.02 ± 0.02 (LD), 0 (ID) and 0.01 ± 0.01 (OH) ( Tables 2, S2 , S5, S8). The results were very similar when analysing the full data set with heritabilities estimated as 0.02 ± 0.04 (LD), 0 (ID) and 0.05 ± 0.03 (Tables 2, S10-S12). Male indirect genetic effects were not detectable in any of the analyses ( Table 2 ). Effects of other fixed (breeding density, altitude) and random (year, nest box) effects were very similar to those in the candidate gene analyses (Tables S1-S9 ).
Integrating candidate gene and quantitative genetic analyses
Estimates of Clock gene effects that tested the contribution of both Clock genotype and quantitative genetic effects (model 3: Tables 2, S3 , S6, S9) were almost identical compared to those that only included candidate gene effects (model 1). Similarly, estimates of quantitative genetic effects were unaffected by entering Clock genotype into models (Tables 2, S3 , S6, S9). We found very similar results entering the effect of Clock as a random effect with estimates of female direct genetic effects and male indirect genetic effects being unaffected by the inclusion of Clock (Tables S27-S29 ). The low estimates of genetic variation in timing traits were not due to the structure of our data set as similar estimates were found using the full data set and estimates of additive genetic variance and heritability in fledging mass were comparable across the full data set and the clock data set (Tables S13-S14 ). This indicates that both the full and restricted clock data sets used for our analyses are sufficiently large to estimate additive genetic variance and calculate trait heritability. Together this suggests that timing of reproduction is largely environmentally determined in this blue tit population.
Great tit candidate gene and quantitative genetic analyses
To investigate the generality of our findings for blue tits, we carried out the same analyses on great tits, a related species inhabiting the same woodlands. Overall, the results for both species were very similar. In line with previous analyses, we find no effect of Clock genotype on LD, ID or hatch date when Clock was entered as a fixed effect (all results with P > 0.62; Tables 3, S17) or as a random effect (Tables S30-S32 ). Similarly to blue tits, we found highly significant annual variation in all timing traits (P < 0.0001 for year in all timing traits; Table S17 ). Variation in LD and OH explained by differences between breeding nest boxes showed a similar, although weaker pattern, than in blue tits (variance components ± SE: LD = 3.05 ± 1.49, LRT = 5.13, P = 0.02. OH = 2.13 ± 1.21, LRT = 3.51, P = 0.06), but did not explain the variation in ID (0.05 ± 0.15, LRT = 0.13, P = 0.72). Quantitative genetic analyses of the great tit clock data set revealed that, as with blue tits, very little variation in LD, ID and OH was explained by direct female genetic effects (Tables 3, S15 , S17, S20). When analysing the full data set, we found small, but significant, female direct genetic variance in LD and hatch date, but not ID (LD: 2.62 ± 0.67, LRT = 22.61, P < 0.0001; OH: 1.57 ± 0.52, LRT = 12.80, P = 0.0003), with low heritabilities of 0.03 ± 0.01 (LD), 0 (ID) and 0.02 ± 0.01 (OH) (Tables 3, S22-S24). As was the case with blue tits, estimates of the Clock gene and quantitative genetic parameters were unaffected by each other; models including both effects (model 3) yielded the same estimates as models including only separate effects (model 1 & 2) (Tables 3, S16, S19, S21).
Discussion
In this study, we used candidate gene and quantitative genetic approaches to understand the genetic basis to variation in timing of reproduction in wild tit populations. In line with previous research, we detected a weak but consistent effect of Clock genotype on breeding phenotype in blue tits with fewer poly-Q repeats at the variable candidate locus being significantly associated with shorter incubation times. This differed markedly from great tits where there was no variation in allele frequency at the candidate locus precluding any relationship with the timing of breeding. Our quantitative genetic analyses show that, in contrast to previous studies, heritability estimates for timing traits in both blue tits and great tits were much lower than previous studies of these traits. We found very little direct female or indirect male additive genetic effects on the timing of reproduction in either species. Consequently, we found little overlap in the genetic variation estimated by the candidate gene Clock and quantitative genetic analyses in these two study populations. However, it is important to highlight that this may simply be due to very low genetic variation in timing variables per se, restricting our ability to test the original idea that quantitative genetic estimates may be changed by accounting for variation in candidate genes. Together our results suggest that timing of reproduction, at least in the populations we investigated, are largely environmentally determined and poor targets for assessing the relative merits of these two genetic approaches, contrary to the original hypotheses framed at the beginning of this work.
Previous research in a number of populations has returned reasonable estimates of additive genetic variance for timing of breeding in birds (e.g. Merilä & Sheldon, 2000; van der Jeugd & McCleery, 2002; Sheldon et al., 2003; McCleery et al., 2004) , raising the question as to why our estimates differ from previous work (summarized in Table 4)? We suggest that there are two main reasons for these differences: first, different methodological approaches ('animal model' versus parent-offspring regression, see Table 4 ) will inevitably lead to differences in heritability estimates, as more sophisticated models and larger data sets allow a better identification and separation of genetic and environmental sources of variation in target traits. Second, in the analyses here, we separated confounding sources of variation such as nest box location, year of reproduction, age, breeding density, altitude and male and female specific effects on timing. Wilson (2008) pointed out that heritability estimates from mixed models (V a ⁄ V a +V e in the simplest form) are highly dependent upon the fixed effects entered into models because it changes the magnitude of residual variation (V e ) and estimates of V a can be reduced when fixed effects are genetically correlated with response traits. In previous analyses, these effects have not always been accounted for, and if genotypes vary (or covary) systematically with any of these variables this can lead to elevated estimates of heritability (e.g. van der Jeugd & McCleery, 2002) . We found in great tits that if we excluded all fixed and random factors apart from male and female permanent environment effects and female direct and male indirect genetic effects, we were able to recover similar estimates of genetic variance in LD to previous studies (h 2 for female direct effect = 0.17, h 2 for indirect male effect = 0.16, Table S36 ). In contrast, removing fixed and random effects from models of LD in blue tits had very little effect on estimates of direct female and indirect male genetic effects (Tables S33-38 ). This highlights that the environmental contexts where timing of reproduction is heritable across different species require further investigation.
Importantly, heritabilities are not necessarily constant, and thus estimates using the same models and the same species may reveal different results. Different heritability estimates can be due to changes in genetic variance (e.g. changes in allele frequency due to selection, migration, inbreeding), changes in phenotypic variation due to different environmental condition, or the correlation between genes and environment can change. For example, higher spring temperature may have led to stronger selection for earlier breeding reducing V a . It is worth noting that the data we used on the timing of reproduction were the most recent of all studies in Table 4 and included some of the earliest breeding attempts in the 65-year period that the great tit population has been monitored. Changes in V a may also be explained by variation in dispersal, that is, higher dispersal resulting in higher environmental variation and thus selection for phenotypic plasticity rather than just early breeding (e.g. Nussey et al., 2005; Charmantier et al., 2008) .
Dispersal rate and distance also influence the ability to separate permanent environment effects from additive genetic variance. In our case, average dispersal distance for great tits is smaller than for blue tits (e.g. Matthysen et al., 2005) , and we thus expect that lower dispersal ultimately leads to a greater chance of being re-sighted and thus the level of accuracy in estimating permanent Estimates in boldface denote significance. Values listed for n refer to the number of females (f), males (m) and breeding attempts (ba); fixed and random effects included in the models are indicated by (F) and (R), respectively. Estimates indicated by Gustafsson, 1986; [14] Wiggins, 1991; [15] Hochachka, 1990; [16] Perdeck & Cave, 1992; [17] Newton & Marquiss, 1984; [18] Findlay & Cooke, 1982; [19] Phillips & Furness, 1998. environment effects. At the same time it is important to realize that very low dispersal leads to relatives living in the same area, and thus, aspects of the environment could become confounded with genetic variation. The importance of controlling for nest box and permanent environment effects is likely to be species specific and may depend upon species life history (also see McCleery et al., 2004) . As our study demonstrates, environmental effects (as measured by nest box and permanent environment effects) can even differ in magnitude between closely related species inhabiting the same woods.
With the caveat that the amount of genetic variation in reproductive timing in the study populations was lower than expected, the results generally suggest that estimates of additive genetic variation were not influenced by the variation in the Clock gene. The timing of breeding is likely to be controlled by a complex network of morphological, behavioural and physiological adaptations, which are probably controlled by a whole suite of genes (recently reviewed by Visser et al., 2010) . Our analyses concentrate on Clock, as this is currently the only candidate gene characterized in a context on the timing of reproduction in birds. However, we want to stress that complex life-history traits are generally environmentally influenced, and typically polygenic, and timing of breeding is most likely influenced by the effects of genetic variants of a number of genes involved in a complex network, which are difficult to identify in wild populations (see recent review by Visser et al., 2010) . With traits that are highly polygenic, it may therefore not be surprising that candidate genes account for a very small amount of additive genetic variation. However, given that Johnston et al. (2011) found that 76% of additive genetic variation was explained by a QTL, it remains an open question whether additive genetic variation in wild populations arises through many genes with small effects or a few genes with large effects. Although the answer probably lies in both, it will be important to reveal what type of traits are influenced by many small effect genes and which are affected by few genes with large effects.
In summary, our study demonstrates that there is a little genetic variation in timing parameters, which is much lower than generally assumed, at least in blue tits and great tits. The rather small but targeted effect in female blue tits that was picked up using a candidate gene approach was not detected in a quantitative genetic analysis of the same data. These results suggest that the two approaches do not measure overlapping sources of genetic variation. Importantly however, the degree of additive genetic variation detected in our analyses and the candidate gene effects of Clock are small and thus strongly limit our ability to assess whether candidate gene and quantitative genetic analyses measure similar genetic variation in traits. Our results highlight that quantitative genetic analyses and candidate gene techniques may be useful for measuring different genetic effects in wild populations, but this remains to be verified using traits exhibiting higher levels of genetic variation. Given the rapid development of methodological and molecular techniques, we expect combining quantitative and molecular genetic analyses will become a useful approach to studying evolution in wild populations, but which traits this will be successful for remains to be established.
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